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gene reside on dZZE^ftt**"**--* 
Cu/Zn SOD (T«.Cij/2- Cu, / Ured wrons of tiwugenlc 

ov«r«xpr«,LTcu H /z e „ d soD 2^2?* 
stress that predisposes the T. rTA '" di 8«ous oxidative 

insults. Neuron ; t^L?? a/2 ! S0D neuron * «• added 
SOD »«JSSd^ W» 
neurons to lulnic irirf SI > "f^P"™"^ *han nontnasgenic 

higher «« ™J 

•poptosis J Tassodated Sth!^ chronic^ 
was manifested by reduced toJ?T~„ P ?" Xl ?* at rtate »»« 
altered [Oj»*i, nomeo««!7. <,,,utor 8 ,B *athioae and 

'hesi, that J££^P&«^^** 
oxidative stress in the tran..«.£ ' 00 erea,es <*««ilc 
their susceptibilitv teV^? g C - Ileurons • whicn exacerbates 
excitotoxXy ' * inStt,tS 5Uch as KA-">eitated 



kinson disease (for revleS se e X ° lo *'« Par- 
d'sease (AD) (for review f$ 4 1 a " d Alzheimer 
phic lateral scleros?rAL<;wf« 3 ' and 4 * and 8 «VOtro- 
well as in ¥$^'„~^'«**~ 
physiological conditions there is »n T k V nder normal 
oxidant and antioxidant mechamsm, A !? u * , ! bnum between 
«s upset, OFR formation U favori^ ?& * Whcn thb 
and cell damage, ^ttnJ^rty mg tooxid ^« ress 
(Cu/Zn SOD)fwh ch caSesfh/l" $Upe . roxide "^"tase 
radicals (O:)1nto S^S^^^A 99 ^ 
portant role in the metabolism S 2 ° 2) ' ^ an ™- 

When activity 0 f C u/ S 1©D ta^f?*' "f * 
and jts reaction with trancl^T f , s * H2 ° 2 a ccumu lates 
facilitated aK^SK ^ * 
contact with the ndu^/fL * cur wften "2O2 comes into 

by us (13-18) and by others f lS i « h « (, 3 ) t Several re J»«s 
in Cu/Zn SOD ictwlX^cau^^ 
be due to the fact l^^/S'sm^^^^^V 
in a pathway and a Iteration? S? runc " ons as a componem 
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neurons (24), sugg«S t h« DS ZSStfT* in cultured » 
metabolism of rwctive oxvwn ro ^ have 8 *fect in the 
O mental retardadon StSgttSSSS' 
We previously inv«».»» f .^.i. e,0 P ment of AD (24) 

cellular and JSS^%SS^Sr^ l, ^ 1m '' 
transfected cells overexpressml fW7«lo?! ind L ,hat »«bly 
stantially increased lioid ^em25.T ^ /, , S v 0D exh 'bited sub- 
lesion that affects S cS? (13J , a . nd had 8 specific 
which plays an im%nLuSf[hJ^ 1 ^ pro,on P U ™P. 
jers into the ves^es (M) r J " Jj! "fjf e °f""rotransroit. 
(Tg-Cu/Zn SOD) mfce a iimH.J * e / rans * en, c-Cu/Zn SOD 
an analogous organeE ^tJf-fSL*" a,$ ° identified *» 
responsible for the up ake and sSa« Sh? 6 g ; anu,e ' whicn " 
It was also found that ■ TjciS?SOE ^ ^l Se i[ 0,0nin ( 17 >- 
thymus and bone marrow abnormal? ?J a nave cert a«n 
thymic defects in child7°n wlS -nf*' ? SC J , ? ,ble 1,16 
gested that overexpression of Cu/l„ ( Sr7^ e$e findin « s su 8* 
can indeed cause certain 0 hvsi«i«lv ! S ? D ^nsjenic mice 
those found in^ThS^S^^J^^^' i ^i 
caused by mcreased Cu/Zn SOD e!n h ^ that defe c« 
subcellular target, and I thus seSe L , ' 8 % ghly s P eclfic 
alterations in <5u/Zn SOD exoressinn /»« P ^ rad, * m f r how 
stress mediated cell injury leXT ° n!° Uld , cause °* idativ c 
ease like ALS (for reS Le rff «?^ 0 ! e * cner8tive d »" 
important to note that the ^.,r« ^ /" t . his con,e «. » is \ 
Cu/Zn SOD into d^^w^ 1 "?* 1 " JUnc,i ns of T «- ^ 
Phological changes uSdinKS"^ 1 "^ and mo '- \ 
some terminal l»ns^^^^™ ,w, an , d des ^uction of 
terminals (15, 16 ^ Some of ^S™ 61 !! ,? f . mul Me small ' 
reminiscent of the DaiholnT!«K heS !, ? ubc,| n«cal changes are " 
ALS-like disea2,w P hl S ,ranS * enic mi « with 
mutated Cu/Zn SOD £ • cd by overe *Pressio n of a 
(see ref. *2i2gZ&££S£ ^ ALS mulat -« 

<^S^^,^ te ^^ from Tg- 
freased expression of 5S*SOD *.„5 flT " bCt ^ CCn in " 
■nducedexhotoxicitv with thT aim «f d . kain,c . ac >d (KA)- 
role of altered Cu/Zn SOD „'« ? f S a,n J"S 'nsight into thV 
neuronal death expression and oxidative stress in 

MATERIALS AND METHODS 

AD. AlaSn^^SS*"^.^™* DS. Down syndromV: 
NMDA. ^.^[jJ^pS.^ 8 U,a,h ' 0ne: mBel - »«>"o=>"orob im ane: 
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. rgMSft'l. and TgflS70K"irrvinii four to five copies 

..i i he Iiiiiii.ui ( ii 7m SOD gene < T. 27 » md control non- 
f iitsucmc mice were used. Tg-Cu. /n SOI) m;ile and female 
■:ce homo/ygous for the transeene were bred and used for 
icd pregnancies in the present experiments. 
Scheduled mating* were performed, pregnant mice were 
*.lled, and 14-day-old fetuses were removed by cesarean 
wetion. Brains were removed and tissue was mechanically 
dispersed by triturating with a Pasteur pipette. Cells in MEM 
were plated onto %- or 24-well plates coated with poly-L-lysine 
at \> Mg/ml. FUDR (50 M g/ml uridine and 20 M g/ml 5-fluoro- 
:-dcoxyundme: Sigma) was added to medium after 4 days in 
culture to suppress the proliferation of glial cells. Pure neu- 
ronal cultures were obtained by maintaining the cells in 
-urn-free medium. Enzymatic assays and immunostainingof 
i/Zn SOD were performed using previously described pro- 
i- <ols ( 15. 18). For immunostaining. cultures' were fixed with 
W r r formaldehyde and permeabilized by incubation in 0.02% 
Twcen 20 and 3% normal goat serum. 

Neuronal/Glial Cocuhures. Glial feeder layers were ob- 
tained by culturing cortical cells from 17-day-old embryos for 
12 days in DMEM containing 10% fetal calf serum. Under 
these conditions, all neurons died and most of the remaining 
cells were astrocytes, as determined by immunostaining with 
ui-glial fibrillary acidic protein antibodies (anti-GFAP, Inc- 
ur. Stillwater, MN). Neurons dissected from 14-day-old 
embryos were plated on top of the glial feeder layer and 
co-cultures were maintained in serum-free medium for 7-9 
days before the toxicity assay was performed. 

KA Cytotoxicity and [Ca l *J, Imaging in Cultured Neurons. 
Cultures were incubated for 16-19 hr in MEM plus 0.05- 
0.1 mM KA (Tocris Neuramin. Bristol, U.K.). Overall cell 
injury was determined by counts and morphology. Neurons 
were identified by immunostaining with anti-neuron -specific 
jolase (anti-NSE. Incstar). The number of NSE positive cells 
as determined in at least 15 fields (of 0.25 nm : each) per well. 
Experiments were repeated at least three times using different 
batches of cultured cells. When indicated, overall cell death was 
also determined by the decrease in reduction of 3-(4,5- 
dimeth^thiazoie-2-yI)-2 t 5Kliphenyltetra2olium bromide (MTT). 

Ca*- concentrations within spinal cord neurons were de- 
termined by the ratio of Fura-2 (Molecular Probes) fluores- 
cence due to excitation at 340/380 nm. Neurons were plated 
■hi glass coverslips (13-nm diameter) and [Ca 2 ~]i was deter- 
mined in 10-day-old cultures as described by Segal and Manor 
28). Measurements were made at 10-sec intervals before and 
Allowing application of drugs by pressure through a glass 
micropipette. 

Apoptosis and DNA Fragmentation. In situ labeling 
iTUNEL). Apoptotic ceils in culture were detected by fluo- 
rescent labeling of the DNA 3 '-ends bv terminal deoxynucleo- 
tidyl transferase as described by Gavrieli et al. (29). 

Electron microscopy analysis. Cultured neurons were main- 
rained for 14 days and exposed to 0.1 mM KA, as indicated 
•bove. Treated and untreated cultures were fixed, stained, 
mbedded in epoxy resin (Epon). and examined bv electron 
nicroscopy as described previously (14). 

Fluorescent Measurement of Intracellular Glutathione 
GSH). Cortical neurons were plated on coverslips as above 
ind incubated for 8 hr either in medium alone or medium plus 
nuhionine sulfoximine (BSO) (25 mM) to attenuate GSH 
synthesis. H 2 0 2 (10" 3 M) was added for 45 min. Cells were 
cashed twice and incubated for 15 min with 4 x 10~ 5 M 
nonochlorobimahe (mBCK Molecular Probes). mBC! is freely 
permeable to ceils; once inside the cells, mBG forms a 
luorescent complex with GSH (30). Fluorescence signals were 
ecorded after excitation at 380 nm and mean OD values were 
alculated. In each experiment, 50-100 neurons per treatment 
*cre monitored. 
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Statistical Analysis. Statistical analysis was performed by 
muJtifaciur analysis ..t variance ( ANOVA). Where necessary, 
the variable was first subjected to an angular or logarithmic 
transformation to stabilize the variances. In eases where the 
same experiment was repeated on dif ferent occasions, all data 
were analyzed together. 

RESULTS 

Tg-Cu/Zn SOD Mice and Overexpression of Cu/Zn SOD in 
Brain and Cultured Neurons. Transgenic mice containing the 
human Cu/Zn SOD gene were obtained as previously de- 
scribed (15, 31) by microinjecting fertilized eggs with a linear 
14.5-kb fragment of human genomic DNA containing the 
entire Cu/Zn SOD gene, including its regulatory sequences 
(32). Several transgenic strains expressing various levels of the 
transgene were bred and analyzed (15-18). The three strains 
studied here. TgHS 51, TgHS 69, and TgHS 70, contained 4-5 
copies of the human Cu/Zn SOD gene in their genome and 
expressed the transgene as an active enzyme capable of 
forming the human-mouse heterodimer protein shown in Fit 
1A (13. 15, 31). Outwardly, Tg-Cu/Zn SOD mice used in the 
present experiments showed no obvious physical abnormalities 
(16). The enzymatic activity in the brains of Tg-Cu/Zn SOD 
mice was determined either by the inhibition of nitrite forma- 
tion (Table 1) or by gel electrophoresis (Fig. IA). Brain 
extracts of Tg-Cu/Zn SOD mice had 4- to 6-fold higher Cu/Zn 
SOD activity as compared with nontransgenic control mice 
with TgHS 51 having the highest and TgHS 70 the lowest 
increase in Cu/Zn SOD activity (Table 1). The pattern of 
transgene expression in the brains was further analyzed by 
immunostaining of horizontal brain sections with anti-human 
Cu/Zn SOD antibodies. It was found that the general dispo- 
sition of the human enzyme in the brain sections of the TgHS 
strains was similar to that of the mouse and staining with 
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Flo. 1. (A) Polyacrylamidc gel analysis of Cu/Zn SOD enzymatic 
activity in brain extracts from control and different lines of Tg-Cu/Zn 
SOD mice. The positions at which the active human (H) and mouse 
(M) Cu/Zn SOD enzymes migrate are indicated. (B) Immunostaining 
of cultured neurons with anti-human Cu/Zn SOD antibodies, (a) 
Nontransgenic (*) Cultures derived from TgHS-51 embryos. (X140.) 
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Table 1 KA-mediaied cell death in cultured rtM ..- . 
Us-Cu/Zii SOD .mtJ in intfiiiiMiLiiic ciifiirni mi • . "curons . 



V S I IS 51 

.T«HS7>l fe7 ,| 

mice of «ch lU^^^^Jtt^,, 

fold increwe in Cu/Zn SOD*a3vi^,l P r n,he,e ' reprcsem *• 

mice and were significant w /» < W ° non,raM 8*«* control 

embryo, were neurons. Enzymatic activSy JfcSSfsoSS 

human &n!or3^,Sffi 
™,™J£? 'astrocytes based on their morphology (f to with 

• ■ n '* her tnan contro , the difference was 

DTfe^f f r ' y presence of 50 " M KA ssn ro? 
,'■ 71,656 resu 'ts suggest that while Te-Cu/Zn SOD n*nmnc 

r» «» "wpdble to KA-m^aied ce??eafhT 

SS2fit?2£S ed l ° - he P htfnomenon « well. To K 
£ observation, cocultures of astroglia and neu- 

r^Jl? m n" her tr ™&™ or control mice, wire prepaid 
Corneal cells were obtained from 17-day-o d ernbmKd 

immunostaimng of cultures with anti-glial fibrillary acidic 

2* Cocu,tured neurons were dissected from 14-dav- 

a fnfiS FT* and P' ated in Vn«hetfc medium on Tp of Se 
astroglial layer. For each experiment, the same batch of 

t °h n ,op °f ei,her trans « enic °° 

geme astroglia and the cocultures were crown in svnthenv 

!!£7t^R ^ the addition ^STm5.^22 

tenner transgenic or nontransgenic) survived the KA treat- 
ment when seeded on top of nontransgenic as.rogTa thfn 2£ 
seeded on transgenic astroglia (Table 2 row El TW rf^ 

S"" 1 V ha, , ,he ,ranSgenic astr °8" a HS&S^Sl 
KA-meduted cell death to a lesser extent than «£ SS 
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47*6 
66 r 4* 



50 M M KA 
50 M MKA 
50 M M KA 



16 i 5 
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Nontransgenic 
TgHS51 

C 

TgHS5I 

D 

Nontran$genic/SM 
TgHS 69/SM 
TgHS 70/SM 

Cont. Neu/Cont. Glia 
Cont. Neu/Tg. Glia 
Tg. Neu/Cont Glia 
Tg. Neu/Tg. Glia 



number of immunostained positive ceHs as dSiliP? W 2* 
were obtained «%wd^" 1 ^^: fc .^ E< «^ 

that of the cortical neurons, for examp e « « H * E 

Table 2 *£? Vir°T^ gmic corticaI neu ™s (cornpJS 
cultured XVA I- b, f 3> TOW A) - ™ e lr »nsgenic spinal cor J 

.K;e !« ^ than nontra nsgenics (Table 3. row Al and 
this effect was attenuated by CNQX fdata not lh^Ln\v' Lt 

k,^ res P° nd 10 NM °A much earlier When t , ■> 

J2Si San •n m,n> ^ CC " S ^ fa "^2* splmfl corJ 
cultures than in nontransgenic control cultures (Table 3 row 
C). This ,nd,cated that NMDA receptors as well J ' tooted 

S£n2S !. Se L her • ,hC . reSU,,S from ,hc KA and NMDA 
cultursri t ^ s,uaies demonstrate that the 

were miJ 8 ; Cu/Z i, S0D A eUr ° nS - CorticaI - and s P'" a ' 6 «rd 
22 7^* excitotoxicit? and that 

Tn, !??r 1 d H°^P A f ece P t0r subtv P« *«re involved. 
The KA-Evoked Elevation In Intracellular fCa 1 *]. Is In- 

S^i TK ^K S< ? N ^ r ° nS - ^'^^lldeath is 
♦ 1,1 . mpa " n d b ^ hC ,n t fi,,r «""on of excessive amounts of 
into the cell, e.ther through NMDA receptor-linked 
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IMMc « KA- and NMOA-mcdfl^ccll death in cultured spinal 
..«.> n eurons rg.C u/^ ^~ t , n(r , n ^cn,c mice 
Mac and cull tire 



Treatment 



'* cell death 



II 



V »nt Miixue tnc SCN 
ItfllS SI SCN 
*on transgenic SCN 
I'gHSSI SCN 

Nontransgenic LMN 
TgHS 51 LMN 

Nontransgenic 
TgHS5l SCN 
TgHS 69 SCN 



SO mM KA 

I 4 ! *M KA 
25 jiM KA 

50 /iM KA 
25 mM KA 

50 *tM NMDA 
50 ^iM NMDA 
50 NMDA 



4U;y 
62 - 10 
24 i 8 
40 £ 7' 

92 r 3 

35 = 5 
58 r 
55 £ 4- 



Vim transgenic SCN 
TgHS 51 SCN 



50 *M KA minus Ca : * BDL 

50 mM KA minus Ca : ~ BDL 

Spinal cord neurons (SCN) and Urge motor neurons (LMN) were' 
oh amed from U^ay^ld embryos as described. Cultures were wcu! 
bated with KA or NMDA as described. Viability of neurons w 
determined as in Table 1 Values are the average * SEM of 3-5 
«penments. •. P < 0.01; ... P < 0.05. as determined by ANOV* 
BDL, below detection level. 

calcium channels or through voltage-gated calcium channels, 
e exposed spinal cord and cortical neurons to 50 mM KA in 
Ca---free medium to further characterize the KA-induced 
toxicity and found that, under these conditions, cell death was 
completely dependent on the presence of calcium (Table 3 
row D). This indicated that calcium influx was necessary for 
the observed neuronal damage. The changes in the level of 
(Ca- Jj within the ceil after brief glutamate pulses were then 
monitored using Fura-2 calcium imaging. Significant differ- 
ences in Ca*- concentrations were found between Tg-Cu/Zn 
v OD and nontransgenic neurons in the initial response (peak/ 
osal) and in the recovery phase (Table 4). Immediately after 
" giutamate pulse. (Ca^Jj went up to a higher value in 
Tg-neurons than in control neurons and stayed higher after 
->0-40 sec. The data indicate that caicium-homeostasis was 
altered in the Tg-Cu/Zn SOD neurons. In particular, the 
prolonged recovery phase is meaningful since the duration of 
time for which neurons are exposed to elevated [Ca^L is an 
important contributor to Ca 2 *-mediated cytotoxicity. 

The KA-Induced Neuronal Cell Death Is Apoptotlc. The 
'uesnon of whether exposure to KA induces apoptosis in our 
ultured neurons was addressed using biochemical and ultra- 
iructural analyses. Internudeosomal cleavage of DNA is 
evident in almost all apoptotic cells (for review, see ref. 34) 
We used the ■TUNEkV'-nick-end labeling procedure (transfer 
of biotmylated nucleotides to the 3-OH ends) of Gavrieli etal 
(29) to record in situ DNA fragmentation. A distinct pattern 
of nuclear staining in KA-treated cultures was detected (Fig. 

I ab i C « Alteration of [Ca^ peak response and recovery in 
Tg-Cu/Zn SOD neurons 



Culture 


Change in 


Change in 


response* 


recovery* 


Nontransgenic 


5.8 


0J8 


TgHS 51 


9.0* 


0.65* 


TgHS 69 


8.4* 


0.57* 



•Ratio of [Ca 2 *]i peak/basal. Basal values were 50 i 9 nM and peaks 
values ranged from 250 i 4 to 370 = 7 nM. 
Ratio of [C8 2 *li at 30-40 sec/peak. Values at 30-40 sec ranged 
between 95 * 5 to 235 = 7 nM. Values are the mean = SEM of 
70-160 cells that were analyzed in nine separate experiments. 
Significantly different from values of nontransgenic control culture 
iP < 0.05) as described. ° 
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Fig. 1 Documentation of KA-mediated apoptosis of cultured 
neurons. </) In situ DNA fragmentation assay using terminal trans- 
ferase mediated dUTP nick-end labeling (TUNEL) method. Spinal 
cord neurons untreated (A) or treated with 0.1 mM KA (B) Fluo- 
rescence signals were obtained by excitation of fluorescein isothio- 
cyanate at 485 nm. (//) Transmission electron micrographs showine 
typical stages of neurons undergoing KA-mediated apoptosis. (1) 
Untreated neuron. (2) Neuron at early stages of apoptosis. (3 and 4) 
Advanced apoptosis: patches of condensed chromatin and abundant 
vacuoles. (x56, 700.) 

2/). This staining was eliminated by the addition of 100 uM 
aunntncarboxylic acid (ATA), known to inhibit the Ca 2+ - 
dependent endonuclease responsible for apoptotic DNA cleav- 
age (27). 

Ultrastructural features of apoptotic cells are readily visu- 
alized by electron microscopy. In untreated cultures, the 
majority of cells displayed normal ultrastructures: well- 
preserved organelles, abundant cvtoplasm, and dispersed 
chromatin in the nucleus (Fig. 2///), whereas in the KA-treated 
cultures numerous cells exhibited early nuclear changes, patches 
of condensed chromatin, and abundant vacuolization in the 
cytoplasm (Fig. 2 113 and 114). We concluded that under the 
experimental conditions described above, KA induced Ca 2 +- 
dependent apoptotic cell death in the cultured neurons and that 
Tg-Cu/Zn SOD neurons were more severely affected. 

Reduced Levels of Intracellular Glutathione (GSH) in 
Tg-Cu/Zn SOD Neurons. Constitutive overexpression of 
Cu/Zn SOD may lead to chronic oxidative stress which could 
explain the higher sensitivity of Tg-Cu/Zn SOD cultures to 
excitotoxicity. The tripeptide GSH is present in cells at milli- 
molar concentrations. Under normal conditions, most of the 
GSH is maintained in its reduced form by glutathione reduc- 
tase. GSH reacts readily with reactive oxygen species, thereby 
providing protection against oxidative injury. Continual pro- 
duction of reactive oxygen species, such as H 2 0 2 , «OH, and 
lipid peroxides, leads to accumulation of oxidized glutathione 
(GSSG), and a concomitant reduction in the level of GSH. 
Therefore, the intracellular level of GSH provides a relevant 
and accurate measure of the xidative state of the cell. We 
used mBC! to directly monit r GSH levels within the cells. 
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each treatment. 50-100 neuron, 69 "'^""""ed. For 
* positive celb, defined uSSSE? V *' UeS de P«'« the 
Numbers centered on braresVt^ ° rescence ""en*«y < 20 OD 

control. 

phenomenon was enhanced^ 7hl «,? SH C 1 ** 5 >- 
low concentrations of i" res P reincu bated with 
attenuates tEl^'Sg^^^ 8 ** Which 
. r-glutamyl-cysieine StheS^K" a h SpC ? fic inhibitc * * 
decrease the intracellular ™ ,neref ore be used to 

one. SmaS^^J^O^ ° f reduCcd g,utat ^ 
cellular GSH was rnore "V s,n 8 a «pid depletion of 

(Table 5). T?e addS cTCm d£h f* 'i™^ ««»« 
with the glutathione SH Prn~„n ^ , ma,ea,e ' whicn 
fluorescence, ffe result! ? P ' e,e,y abc,ished the ™BCI 
of GSH leve Is 2 tSu^SE*' 0 ' ** ,ificaiK reducti °» 
premise that inSeJed C^/Zn ^n"™* Md SU PP° rt *« 
oxidative stress that" J „pW n fZT^ CTeatCS chro ™ 
transgenic neurons !Kffift^' u,B V^of the 

DISCUSSION 

SSSiX'SS SOD r« e d ab0,, ' Sra . ° f 0FR - 
and is overexpressed *in & J? . on cnr °rnosome 21 

overexpressionofw^ 

and an™ a ,s caused highTy s^^J^sllS 

and spinal cord neCrons 2 ° SagC °" SUrvivaI of c °"'«' 

^-rS^TioD Sew' nCUr0nS fr ° m three 
mediated «ci,oSic° y thTn Lu-cT" VU ' nCrab,e to ^* 
Ienfc«lce.^^d■ta aS^S^^? ,l ?^ r ? ,l Contro ' n °"rans- 
increased susceptKi £ to ^Td" ' b, a he P° ssibi, »y 'hatthe 
star* ... .h- " due to a chronic onxwManf 
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homeostasis in the ncunms. Ocst ; .hi|,z a ii„ n r 
mcstasw has hcen ensured t«, he , » • ° f 
cxc.toto.xic cell dclh (lor review see re T! , mecna n«m 
Physiological conditions, ihere K ,„ „u Undcr no ". 
hclwccn oxidant ami antioxidant mJchan; e< J ui, 'bri' 
the physiological activity <.f Cu/Zn SOD " l^ bl " CVen th 
degree with generation of hydroxyl rad c aSE"? * to *>' 
Cu/Zn SOD activity was increased the hi 2) " ^ 
creating indigenous oxidative strain theS^ a,terc 
as .ndicated by the marked reduSfo" ^ «"«" 
Exposure to H 2 a caused a simila dLZ.' ™? lulai GSl 
GSH indicating that P^S^SSS^SS^ 1 
the damagmg agents. Importantly the Hn!? P "i"" 5 31 
plenon of GSH was significantK greater dl 
neurons than in control nomransgen* ?$£ Z Slf* 0 ' 
before, increased HO, may ifad to o^«" bccnno,c 
radicals throueh Fenton"* ZIJZ 5 P fodu «»n of .Ol 
apoptosis (7.T 39) Se 3KL?5 ^ ' de "h * 

»wi*i^ e3d*B^S^«?I ind '« enous <*idat.Y t 
between the «terfl5^2 0 ^ w .' , ? t ^««ihe„ I i l 

Cu/Zn SOD presenV (2^^?^ ' " ^ amount 
exogenous insuh7co U ld iS^ 0 ™" r S,0ns cau,Bd bv v «rio Ui 

Jncreased concentrations of intracellular rr»i*i • 
consequence in celb exnosed «n if a « i * B a ma J°r 

of removal from ,K t I°,^ 0 . r « ,u,amatc ««d the rate 
the cell's ability toS™ ie^an « P V M P ° rtant factor in 

see ref. 38). Usine Fura-2 imS ^ u haUenge (f rreview - 
evoked a iffiSTOKtS^^ thS " « ,Utama,e 
transgenic neurons i cffpSj^S? el!! lCi ^ in 
latter responded with aS! , 0n,ro, cultur «- The 
near baseline, whereas S " Se ,hat ra P idlv retu ™ed to 
longed recovery pS SBSJitT ' ^ 
high for a longer period Theie rf-r. ■ 7" ' J if rema ">ed 
SOD imwwWf£ i S^! c,, l^ Tg-Cu/Zn 
explain their relatS wSf " " ?^ in « C"'*- * hl 'ch maN 
glia-free cultured ^The SSmSfh eVCn in 

transgenic neuron^ Sigh IS . ^ a ' ba ^ of th .' s . ha " d icapofthe 
a 2 * exchanger (38) This «rh a 1 d actIV,,y of «•» Na V 
extruding infran 2RS X„ P t ' h T 3 ¥ gnifica . nt role "« 
glutamate netirotoxicitv fc^T?^ a ? ,,on B inhibited. 
C- exchanger i tea fh "f 4 Act,Vi,y of 1)16 Na V 
dependent „£ ^^^'*£ a,Bi '? is 
NaVK*ATPwmw„pr, C f ° f tht , sodl ™ gradient bv 

the chromaffin uranule H* Itp s,rcss - ' cad '"g » a damage in 
neurotransmK^nt Si? re A dUC,ng , " ptake of 

affecting the uptake of blrl/H ( )- A sim,lar defe «. 
Tg-Cu/L SOD p^ele,rfl7wr- W3S a - S ° identified in 
Sltoed S T the aSC ^'^^^^S^J^ 

EXCESS? ,eading to the obse - d S 

,7,2 3 general ?" c j5 asc inhi b'tor known to prevent 
Knal a h,r eUr0n r^ ?Cl l Ce " S ' su PP^d KA-induced 
ireTn a Ji ' ng a ? d abro « ared neuronal death. These results 
Md rCp ° rtS im P ,ic ating KA-induced t xicitv 

and oxidative stress in neuronal apoptosis 
vimii^'if?^ arC inf,, ' Ctcd by an early onset of AD and 
fourth I a "P S pa,icntS dcVe '°P the A 0 pathology during"? 
fourth decade of their lives (for review, see ref 23) One of thl 
S europ a « hoIogicaI halImarks of AD ^"iStSSS^ 



(icnctics: Bar-Pded et tit. 

•mhwIIv fiiunJ , n brains of DS patients less than 3 years old 
.*!» Htc gene encoding the /K.imloid precursor protein 
WT. resides on chromosome 2\ ,nd is overexprcssed in DS 
- ..n> !>-). In addition, certain forms «f familial AD arc 
dialed with mutations in the APP gene that lead to 
rproduetum of Afi (see rcf. 50 and references therein). This 
vports the hypothesis that Afi accumulation may contribute 
;o the progression of the disease. The A/3 peptide is directly 
toxic to neurons through its tendency to form insoluble 
aggregates that potentiate glutamate excitotoxicity and disruot 
Or homeostasis (53, 54). The molecular details of the latter 
processes arc not completely known but involve increased 
accumulation of H : 0 ; related peroxides within the cells 
leading to oxidative damage and cell death (see ref. 39 and 
■ erences therein). It was recently shown that cultured cortical 
:rons from DS fetuses undergo apoptosis due to increased 
r icration of OFR and that cell death can be prevented by 
tree-radical scavengers or cat alas* but not SOD (24) As 
presented here and discussed above, constitutive overapres- 
sion of Cu/Zn SOD in cells and transgenic mice causes 
long-term oxidative stress, as marked by increased lipid per- 
xidatton and specific oxidative damage to membrane associ- 
ated enzymes. The Tg-Cu/Zn SOD mice exhibited several 
phenotypic features found in DS patients including abnormal- 
ity in the neuromuscular junctions and a decrease in blood 
otonin levels caused by a defect in the platelet granule 
-nsport system. The data presented here show that neurons 
ot Tg-Cu/Zn SOD mice are more susceptible to degeneration 
when subjected to added insults such as treatment with KA. 
Given the fact that both A/3 and Cu/Zn SOD are elevated in 
DS patients, who usually develop AD pathology early in life, 
it will be interesting to investigate the toxic effect of AS on the 
already imperiled Tg-Cu/Zn SOD neurons. This may contrib- 
ute to our understanding of the genetic predisposition of DS 
f tients to the early onset of AD pathology. 

iinJjyrtT "PP 0 "" 1 * the Nati °nal Institutes of Health Gram 
n^ , r ^ l u C u FnU Stiftun * (Germany), by the Weizmann 

Immure s Forchhe.mer Center of Molecular Genetics, and by the 
Family Biomedical Research Foundation at the Weizmann Institute^ 
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